ABSTRACT In rod outer segments, photoexcited rhodopsin (R*) activates a cyclic GMP phosphodiesterase through a sequence of reactions involving a GTP-binding protein. By measuring lightscattering changes above 700 nm, we have studied the kinetics and stoichiometry of the association of R* with this protein and of the dissociation of the complex upon GDP/GTP exchange. Two lightscattering signals were obtained upon photoexcitation ofrhodopsin in bovine rod outer segment membranes as weil as in a reconstituted system consisting of purified GTP-binding protein and washed disc membranes; both signals depended specifically on the presence of GTP-binding protein. A "binding signal" that was observed in the absence of GTP as an increase in turbidity became saturated when a number of rhodopsin molecules equal to the number of GTP-binding protein molecules present (~=10% in rod outer segments) has been bleached, suggesting that the protein binds to R* in a 1:1 complex. A "dissociation signal" of opposite sign, observed in presence of GTP at .1 ,uM, is half maximal at 0.04% bleaching and saturated at 0.5% bleaching; it is interpreted as reflecting the dissociation of GTP-binding protein-R* complexes after GDP/GTP exchange on the GTP-binding protein, one R* being able to interact sequentially with about 100 GTP-binding protein molecules. The early time course of the binding signal is faster than that of the dissociation signal, and both signals take place in the 100-msec range at 20rC.
Photoexcitation of rhodopsin (to R*) in rod outer segments (ROS) activates a cyclic GMP phosphodiesterase (PDEase) (1, 2) leading to the hydrolysis of up to 4 x 10' molecules of cyclic GMP per molecule ofbleached rhodopsin (3) . This results from a cascade of steps involving GDP/GTP exchange on a GTPbinding-protein which has slow GTPase activity (1, (4) (5) (6) . This protein consists ofthree polypeptides OfMr 37,000, 35,000, and =6000 (5). The name "transducin" has recently been proposed for this protein which, in its GTP-binding form, activates the PDEase (2) . Both the GTP-binding protein and the PDEase are peripherally membrane associated at moderate ionic strength (100-150 mM salts) but can be solubilized at low ionic strength ('10 mM) (7, 8) . It has been shown by centrifugation studies (5) that light changes the mode of binding of the GTP-binding protein to the disc membrane; proteolytic studies strongly suggest that the light-induced binding site is located on the rhodopsin molecule (9) . GTP specifically reverses this light-induced binding (5) . However, these binding studies as well as the biochemical GDP/GTP exchange studies (2, 4, 6) do not provide information on the temporal sequence and kinetics of these reactions.
In the present study, we demonstrate that monitoring lightscattering changes ofROS membrane suspensions in the far red is a highly sensitive technique with fast time resolution which provides insight into the sequence, kinetics, and stoichiometry of these interactions. A number of light-scattering studies on photoreceptor membranes have already been reported (10-13), leading to various interpretations, as for instance light-induced "rhodopsin cooperativity" (11) . The involvement of proteins other than rhodopsin in these light-scattering signals was notconsidered except by; Bignetti et aL (13) . Using biochemically well-defined preparations including reconstituted systems with purified proteins, we show that two light-scattering signals evoked by photoexcitation of rhodopsin are strictly related to light-induced changes ofinteraction between GTP-binding protein and R*. The first signal, termed "binding signal," is observed in the absence of GTP; it becomes saturated at ca. 10% bleaching and appears to reflect the binding of GTP-binding protein to R* in a 1:1 complex. The second signal, termed "dissociation signal," occurs in the presence of GTP; it becomes saturated at about 0.5% bleaching, and it most probably reflects the dissociation of the GTP-binding protein-R* complex after GDP/GTP exchange. Another signal, termed "rhodopsin signal," is observed after saturation of the GTP-binding protein-related signals and also in disc membranes washed free of GTP-binding protein; it does not become saturated until all of the rhodopsin is bleached. All three signals occur in the 100-msec range which is within the time of the electrical response of the rod cell.
MATERIALS AND METHODS
All experiments were performed in darkness or dim red light. The "standard buffer" used for all light-scattering experiments was 100 mM KCV1 mM MgClJ10 mM Tris HCl, pH 7.4. All buffers used contained 1 mM dithiothreitol.
ROS Membrane Preparation. ROS were purified from fresh bovine retinas as described (14) and were stored frozen as pellets at -70°C under argon. Thawed pellets were homogenized (Teflon/glass) with buffer followed by passage through a syringe needle. With standard buffer, this treatment yielded suspensions of fragmented ROS consisting of irregular-sized stacks of discs termed "ROS membranes." Further fragmentation by sonication decreased the absolute turbidity but did not strongly influence the relative amplitudes of the light-induced lightscattering signals. Rhodopsin concentrations were .determined in detergent-solubilized aliquots by measurement ofAAs0o (14) . Fig. 1B Inset) and purified PDEase were prepared as described (5, 8) . GTPase activity was assayed as described (5, 8 The time course ofthe binding signal was complex, consisting of rapid (10-100 msec) and slow (several seconds) components. The half-time of the rapid phase (Fig. 1A , tracing e) depended on the flash intensity. At 20'C, it ranged from ca. 25 msec (10% bleach) to 60 msec (1.3% bleach). The time course was slowed by freezing/thawing or by transient hypoosmotic shock of the ROS suspensions, as well as by strong sonication. The time course ofthe rapid phase ofthe binding signal always was slower than that of metarhodopsin II formation.
Dissociation Signal in ROS Membranes. Flash illumination of ROS membranes in the presence of GTP led to an increase in the transmitted light intensity, the dissociation signal (Fig.  1B, tracing h ). It increased with a sigmoidal shape, and slow phases like those seen in the binding signal normally were absent; only ROS preparations that had been treated by repeated freezing or by hypoosmotic shock often showed a slow decrease in transmittance after the dissociation signal.
Previous binding studies (8) performed under ionic. conditions similar to those used here have shown that GTP does not merely reverse the light-induced binding of the GTP-binding protein to R* but it leads to a new state ofsolubility ofthe GTPbinding protein, different from the dark-adapted state before the flash. The GTP-binding protein becomes partially dissociated from the membrane upon illumination in presence of GTP. This fits with the observation (Fig. 1) that GTP does not merely suppress the binding signal but leads to a new signal of opposite sign which we have therefore termed "dissociation signal."
Signals in Reconstituted System. Hypoosmotic washing of ROS kept in the dark removed a component required for both the binding signal and the dissociation signal. The washed disc membranes exhibited only the rhodopsin signal (Fig. 1B, trac- 
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ings g and k). These discs were nearly devoid of GTP-binding protein and GTPase activity (5) .
Addition ofpurified GTP-binding protein to the washed discs restored both the binding signal in the absence of GTP and the dissociation signal in the presence of GTP (Fig. IA, tracings f  and i) . The signals obtained in the reconstituted system closely resembled the corresponding signals in ROS with respect to their saturation behavior. The reconstituted binding signal had a similarly complex time course, consisting of rapid and slow phases, as the binding signal in ROS membranes. Under the ionic conditions used (standard buffer), both the GTP-binding protein and the PDEase become membrane-reassociated when their solutions are added to disc membrane suspensions (9) . When total extract was used rather than purified protein, the binding signal often was slower and the dissociation signal was followed by the slow decrease in transmittance described above. These complications may be due to irregularities in the reconstitution process.
The following preparations did not give binding signals or dissociation signals when added to washed discs: 10 mM Tris HCl extract from illuminated ROS from which GTP-binding protein was absent due to its light-induced binding to the membranes but PDEase was present (5); extract containing the proteins that are soluble in standard buffer but not GTP-binding protein or PDEase; purified PDEase. This clearly demonstrates that both the binding signal and the dissociation signal specifically reflect light-induced interactions between GTP-binding protein and the disc membrane. We further argue that the binding signal reflects the association of GTP-binding protein with R* and that the dissociation signal reflects the GTP-induced dissociation of the complex.
Saturation of Binding Signal in Reconstituted System. Saturation is defined as the level of R*, reached by a succession offlashes, beyond which a further flash evokes no further binding signal. Extracted GTP-binding protein was mixed with washed disc membranes in various ratios in order to determine the stoichiometry of interaction between R* and GTP-binding protein with more accuracy than is possible in ROS membranes. No more than 1 min separated subsequent flashes in order to avoid recovery from saturation. Whatever the amount of GTPbinding protein added, from 0.25 to 4 times the native GTPbinding protein/rhodopsin ratio, saturation always was reached when the molar amount ofbleached rhodopsin was equal to that of GTP-binding protein present (Fig. 2) .
The total amplitude, including slow phases, accumulated for the sum of the signals evoked until saturation was proportional to the amount of GTP-binding protein present in the mixture (Fig. 2, Lower Inset) . This indicates that the total amplitude of the binding signal is a quantitative measure of binding. The saturation is independent of the total amount of rhodopsin but depends only on the amount ofGTP-binding protein over a wide range of mixing ratios. Addition of more GTP-binding protein (Fig. 2, Upper Inset) Fig. 2 Upper Inset, was flashed (0.8% R*) in presence ofGTP, leading to a dissociation signal. A second aliquot ofboth GTP binding protein and GTP was then added; however, a subsequent flash did not evoke any further signal, indicating that all of the freshly added protein had been-turned over into the GTP-binding form before the second flash.
Kinetics of the Dissociation Signal. The time course strongly depended on both the flash intensity (Fig. 4A ) and the GTP concentration (Fig. 4B) . The half-time of rise at 17 ,uM GTP (20TC) ranged from 80 msec at 10% bleaching to =1 sec at 0.08% bleaching and even slower at lower bleaching extents (Fig. 3) . Diffusion of proteins within the disc membrane may be rate limiting. The signal rose faster at higher GTP concentration. At very low GTP ('2 MM), the response started with a binding signal and was followed by a delayed dissociation signal, the amplitude and delay of which depended on the GTP concentration. This separation of the two signals may be due to one (or both) ofthe following reasons. (i) At low GTP concentrations, the associated complex between R* and GTP-binding protein has a sufficiently long life-time, and therefore may accumulate to a sufficient extent, that it is revealed as a transient binding signal, before it reacts with GTP. (ii) On the other hand, because the concentration of GTP (0. 9-1.7 ,u M) is not much higher than that of GTP-binding protein (0.4 A.LM), it is also possible that the two signals reflect two different portions of the GTP-binding protein, one which undergoes GDP/GTP exchange and another one which only binds to R* and never reacts with GTP.
Whichever of the two possibilities predominates in this special case, we assume that the association between GTP-binding protein and R* always precedes the GDP/GTP exchange. The fact that at higher GTP concentrations no transient binding signal is seen indicates that the life-time ofthe associated complex must be very short and its steady-state concentration therefore too low to be noticeable as a light-scattering transient. The onset of rise of the dissociation signal was never observed to be faster than that of the binding signal at the same flash intensity. It should be stressed that only the very early time course of the binding signal is of interest in this context because only a very small proportion of R* is needed to catalyze the GDP/GTP exchange.
Nucleotide Specificity. The dissociation signal appeared to be specific for GTP and its y-blocked analogue, guanosine 5 Recovery from Saturation. When sufficient time (tens of minutes) was allowed to elapse after a saturating flash, a subsequent flash again evoked a response. This spontaneous "recovery from saturation" was observed for both the binding signal and the dissociation signal. Recovery of the dissociation signal was highly accelerated by the presence ofATP and kinase-containing extract.
CONCLUSION
By using reconstituted systems, we have demonstrated that two pronounced light-scattering signals evoked by photoexcitation of rhodopsin in ROS membranes are related to interactions of the peripheral GTP-binding protein with R*.
